Following the integration and modification of the sensory inputs in the spinal cord, the information is transmitted to the primary sensory cortex where the integrated information is further processed and perceived. Processing of the sensory information in the spinal cord has been intensively investigated. However, the mechanisms of how the inputs are processed in the cortex are still unclear. To know the correlation of the sensory processing in the dorsal horn and cortex, in vivo and in vitro patch-clamp recordings were made from rat dorsal horn and sensory cortex. Although dorsal horn neurons showed spontaneous and evoked EPSCs by noxious and non-noxious stimuli, most somatosensory neurons located at 100 to 1000 mm from the surface of the cortex exhibited an oscillatory activity and received synaptic inputs from nonnoxious but not noxious receptors. These observations suggest that the synaptic responses in cortical neurons are processed in a more complex manner; and this may be due to the reciprocal synaptic connection between thalamus and cortex.
Introduction
Until recently the processing of sensory information in the spinal dorsal horn and primary sensory cortex were largely unknown because of a lack of methodology for analyzing the process. However, since the 1980's, spinal cord slice preparations have been developed to analyze the sensory transmission in the spinal dorsal horn, and the basic mechanisms for integration and modification of sensory inputs in the dorsal horn has been accumulated (Yoshimura, 1989) . For instance, noxious stimuli evoke a barrage of excitatory synaptic responses but not inhibitory responses in the spinal cord while non-noxious stimuli, such as touch or pressure elicits excitatory as well as inhibitory responses. These observations indicate that reduction in pain sensation due to touching the area adjacent to a painful region occurs because of the activation of inhibitory synaptic responses by nonnoxious touch stimulation (Furue, 1999) . In addition, a variety of plastic changes in the spinal sensory pathway has been elucidated using chronic pain models, including inflammation, sciatic nerve transection and ovariecotomy. In chronic inflammation model rats, the large sensory afferent fiber, Ab sprouts into lamina II, substantia gelatinosa (SG) (Nakatsuka, 1999) . Considering that the non-noxious information is carried to the deep dorsal horn neurons by Ab afferents and SG plays an important role in the processing of the nociceptive transmission, the sprouting of Ab afferent to SG might be an underlying mechanism for allodynia observed in inflamed patients. Other types of plastic changes have been reported, including the depression of 5-HT receptor expression at the C afferent terminals (Ito, 2000) , down regulation of GABAergic inhibitory interneurons (Moore, 2002) and long term potentiation or depression (Randic, 1993) . Because of these plastic changes, a spinal reflex exerted by abnormal sensory inputs would be greatly accentuated and excessive nociceptive information would be further sent to the somatosensory cortex.
The processing of the sensory information at the primary cortex has been analyzed by non-invasive imaging techniques such as MEG, PET or fMRI, providing great knowledge concerning a primary target of sensory inputs to the cortex, connectivity of primary to associate cortex and functions of the higher sensory system (Shigeto, 2002; Hofbauer, 2001) . These imaging methods are, however, not applicable to disclose the mechanims of synaptic transmission at the single cell level. It is well known that the somatosensory information is interfered with by other sensory inputs, such as visual and auditory systems. The mechanisms of the interaction would be an essential knowledge for understanding how our circumstances affect sensation, mood or emotion. However, it is largely unknown how these interferences are exerted in the central nervous system. As a first step to understand these changes, we tried to clarify the mechanisms of the sensory transmission at the spinal and cortical levels. To address those issues, we first made an in vitro patch-clamp recordings form slice preparations that are useful for analyzing synaptic transmission at the single neuron levels. However, in the slice preparation it is hard to know what kinds of sensory modality is responsible for producing synaptic responses. Therefore, to address further this problem, an in vivo patch-clamp recording method has been developed to identify the sensory input to rat SG and sensory cortex neurons that enables us to analyze a change in synaptic responses evoked by various natural stimuli.
Methods

In vitro spinal cord slice preparation
Experiments were carried out using 48 male Sprague-Dawley rats (7-8 weeks old). All the experiments were conducted in accordance with the Kyushu University Guidelines for Animal Experimentation and the Guiding Principles for the Care and Use of Animals in the Field of Physiological Science of the Physiological Society of Japan.
The methods used for obtaining spinal cord slices from rats were similar to those described previously (Yoshimura, 1993) . 650 mm thick transverse slices that retained an attached L4 or L5 dorsal root were made from the rats. The slice was superfused at a rate of 15 to 20 ml/min with Krebs solution.
In vivo preparation
Under anesthesia of rats with urethane (1.2 g/kg, i.p.), a lumbosacral laminectomy was performed and the rat was then fixed in a stereotaxic apparatus with monitoring of body temperature and blood pressure. A small window was made in the arachnoid membrane with a fine needle for insertion of a recording electrode. The surface of the spinal cord was continuously perfused with preoxygenated warmed Krebs solution.
For the recordings from cortical neurons, rats were anesthetized with urethane and then the skull was exposed with scissors. With dental cement, a small cut piece of a 3 ml syringe was fixed on the skull and a small hole was made at the lateral to the sagital suture with a dental drill. The dura mater was cut with fine scissors and a small window on the arachnoid membrane was made with a fine needle to let glass electrodes be inserted through the window. The surface of the cortex was continuously perfused with preoxygenated warmed Krebs solution.
In vitro and in vivo patch-clamp recordings and cell identification
The electrodes used were pulled from thin-walled borosilicate glass capillaries (o.d. 1.5 mm) using a puller (P-97, Sutter Instrument, USA) and were filled with a patch-pipette solution of the following composition (in mM): potassium gluconate 135, KCl 5, CaCl 2 0.5, MgCl 2 2, EGTA 5, ATP-Mg 5, Hepes-KOH 5; pH 7.2 having a resistance of 6-10 MW. The electrode was advanced into the spinal cord or cortex through the small window using a micromanipulator (Model WR-88, Narishige, Japan) and a gigaohm seal was then formed with a cell at regular depth of 30-150 mm for recordings from SG neurons and 100-1000 mm from cortical neurons. In some instances, morphological features were further evaluated by injecting neurobiotin through the electrodes.
Stimulation protocols
Mechanical noxious or non-noxious stimuli were applied to the skin of the hindlimb. The noxious and non-noxious mechanical stimuli used were pinching of skin folds with toothed forceps and puffing air onto the skin, respectively. Heat stimulation was applied with a radiant heat lamp, noxious (45-60°C: skin temperature measured with a thermometer set on the skin) and non-noxious (38-40°C) thermal stimuli were applied for 15-30 s from a baseline temperature of ϳ28°C. The drug used to abolish spontaneous or evoked EPSCs in these works was 5-cyano-7-nitorquinoxaline-2,3-dione (CNQX, Tcris Nueramin, Bristol, UK). CNQX was added to the Krebs solution that perfused the surface of the cerebral cortex.
Results
A patch pipette was advanced through the window in the arachnoid membrane applying positive pressure to the electrode; this prevented clotting of the electrode tip with surface tissue debris. After establishing the gigaohm seal, the membrane patch was ruptured by applying a negative pressure to obtain the whole-cell recording configuration. Whole cell patch-clamp recordings could be obtained from in vivo preparations for more than 5 h from SG neurons and 2 h form 94 Sensory Processing in the Central Nervous System Fig. 1 Schematic diagram of the sensory pathway. Stimulation of the periphery activates nerve terminals and the information is carried to the spinal dorsal horn. The sensory inputs are transmitted to dorsal horn neurons and integrated, then ascend to the thalamus through the spinothalamic tract. After being integrated further at the thalamus, the sensory information is projected to the somato-sensory cortex.
cortical neurons.
Synaptic responses in SG neurons
The data were obtained from more than 60 SG neurons that had membrane potentials of more negative than Ϫ60 mV and input membrane resistances of 250-880 MW. At holding membrane potential of Ϫ70 mV, all SG neurons recorded exhibited spontaneous excitatory postsynaptic currents (EPSCs) with amplitudes of 10-100 pA and frequencies of 0.5-20 Hz. While at the holding potential of 0 mV, inhibitory synaptic currents (IPSCs) were observed in all neurons tested with frequencies of 5 to 20 Hz and amplitudes of 5 to 80 pA. In the presence of tetrodotoxin (TTX, 0.5 mM), no changes in amplitude and frequency of spontaneous EPSCs or IPSCs were observed, suggesting that those EPSCs and IPSCs were miniature EPSCs (mEPSCs) and IPSCs (mIPSCs). Mechanical noxious and non-noxious stimuli were applied, respectively, to the hind limb with toothed forceps and a brush or glass rod to the ipsilateral hind limb. The noxious stimuli elicited a barrage of EPSCs with frequencies of 20-60 Hz and amplitudes of 100-500 pA without showing adaptation. However the nonnoxious stimuli with the glass rod gently depressed to the skin elicited responses predominantly at the beginning of and end to the stimuli; including significant adaptation. To compare the responses elicited by noxious and non-noxious stimuli, the brush stimuli was used to get continuous bursting of EPSCs. Both responses were blocked by an AMPA type receptor antagonist, CNQX (20 mM) applied to the surface of the spinal cord, and no residual slow current was detected. The responses returned to the control level right after cessation of the stimuli, indicating that the responses evoked by both noxious and nonnoxious stimuli were mediated by glutamate; there was no evidence supporting the involvement of peptidergic slow component in the SG, in spite of dense termination of peptidergic afferent fibers in SG. In the current mode, these responses were large enough to elicit action potentials. Unexpectedly, noxious heat stimuli with a halogen lamp focused on the surface of the skin did not evoke any response in all neurons tested in spite of the fact that SG neurons receive a lot of C afferent inputs from the skin which were presumed to convey polymodal sensations, including noxious heat.
Synaptic responses in the spinal cord under pathological conditions
We have investigated the synaptic plasticity observed in various pathological conditions such as sciatic nerve transection (Okamoto, 2000) , inflammation (Nakatsuka, 1999) and ovariectomy (OVX) (Ito, 2000) . In this section some data are demonstrated to briefly show how the sensory transmission was modified by OVX using slice preparations from OVX rats. The OVX rats are used as a model for the osteoporosis and its accompanying pain. Many postmenopausal women condition complain occationally of a lower back pain. For a long time, this low back pain was believed to be due to a pressure fracture or microfracture of vertebra. Calcitonin is commonly used clinically to increase bone mass in osteoporotic patients, which is also believed to relieve the accompanying pain. With Calcitonin, the increasing of bone mass takes several months, while the reducing of pain takes 3 to 4 weeks. This discrepancy in the time course indicates that the low back pain is not due to the osteoporosis and the antinociceptive effect of calcitonin is mediated by other mechanims. Acute effects of calcitonin have been studied by injection of calcitonin into the ventricle to check the changes in the concentration of noradorenaline, enkephalin or b-edorphine. These effects are, however, acute that are significantly different from the effect observed clinically.
To clarify the underlying mechanism of calcitonin-induced antinociception, we made whole cell patch-clamp recordings from SG neurons in slice and in vivo preparations obtained from normal and OVX rats. Firstly, we tested the behavioral hyperalgesia. The OVX rats showed significant hyperalgesia when the rats were evaluated with the tail withdrawal test. The hyperalgesia lasted for more than 4 months. At 3 weeks after the operation, calcitonin was administered 5 times a week. In consistent with the clinical observation, calcitonin increased the tail withdrawal latency within 3 to 4 weeks after administration. Interestingly, the antinociceptive action of calcitonin was reduced by a 5-HT receptor antagonist, methyothepin or by a 5-HT synthesis inhibitor PCPA, suggesting that the serotonergic system is involved in the calcitonin-induced analgesia.
To address this possibility, we next tested the effect of 5-HT on the synaptic transmission in SG neurons evoked by the primary afferent fibers using slice preparations. In normal rats, stimulation of the dorsal root with a suction electrode elicited Ad and/or C afferent mediated monosynaptic EPSCs in more than 70% of neurons. Bath applied 5-HT (50 mM) reduced presynaptically both Ad and C afferent-evoked EPSCs by 40%. On the other hand, in OVX rats, 5-HT reduced only the Ad afferent but not C afferent EPSCs. These observations suggest that 5-HT receptors are expressed at the terminals of both Ad and C afferents, activation of those receptor causes the reduction of glutamate release in normal conditions, while in OVX rats 5-HT receptors at the C afferent terminals are reduced or eliminated by OVX, resulting in no depression of C afferent-evoked EPSCs by 5-HT. Considering that the C afferents convey predominantly noxious sensation, the elimination of the effect of 5-HT to reduce the glutamate release might be a mechanism for hyperalgesia observed in OVX rats. In addition to this, administration of calcitonin for more than 3 weeks restored the depressive action of 5-HT on the C afferent-evoked EPSCs, suggesting re-expression of 5-HT receptors at the C terminals.
The elimination of 5-HT receptors at the C afferent terminals in the spinal cord could be due to the drastic change of estrogen level after OVX. As is well known, estrogen is one of the steroid hormones that binds to a receptor located in the cytosome and controls synthesis of proteins. So far there has no strong evidence that estrogen affects the synthesis of the 5-HT receptors. Our observations indicate that the expression of 5-HT receptors at C terminals are directly or indirectly regulated by the concentration of estrogen.
Thus, based on our observations, it would be possible to speculate that elderly people, especially women, perceive more pain than younger people, and excessive pain affects not simply pain perception but also emotional behavior, initiating depression, loss of appetite or insomnia.
Sprouting of Ab afferent following inflammation
Inflammation-induced chronic pain is the most common type of chronic pain observed clinically. Inflamed rats were made by injection of complete Freund's adjuvant (CFA) to the hind paw (Nakatsuka, 1999) . The rats showed significant hyperalgesia when tested by the von Frey hair test and the effect lasted for at least 2 weeks. It is believed that under normal conditions, a large myelinated Ab afferent terminates preferentially in the deeper laminae, lamina III to VI and only a few SG neurons would receive inputs from Ab afferents. One week after injection of CFA, spinal cord slice preparations were made from inflamed rats and a slice preparation was placed on a nylon mesh in the recording chamber. The slice was continuously perfused with warmed Krebs solution. Under these conditions, dorsal horn neurons were kept in good condition for up to 10 h. Whole cell patch-clamp recordings were made from SG neurons and synaptic responses were examined by stimulation of the dorsal root with a suction electrode. Stimulation of the dorsal root elicited monosynaptic Ad and/or C afferent EPSCs in more than 70% of neurons tested and only 2% of neurons received inputs from Ab afferents in normal rats. On the other hand, number of neurons received inputs from Ab afferents in normal rats. On the other hand, the number of neurons that received inputs from Ab afferents increased significantly to 30% in inflamed rats. These observations suggest that a subpopulation of Ab afferents sprouts into the SG and makes direct synaptic contact with SG neurons. Considering that Ab afferents convey preferentially non-noxious information and SG plays a critical role in the processing of pain transmission, these observations indicate that the non-noxious stimuli, such as touch or pressure can produce pain sensation under pathological condition (allodynia). Our previous study demonstrates that Ab afferents terminate not only in deeper layers but also in SG in normal neonatal rats. This is consistent with the data obtained by morphological examination showing the termination of Ab afferents in SG, and no C afferent inputs, due to delay in the development of unmyelinated fibers in the early postnatal stage (Jackman, 2000) . Based on these results, we assume that Ab afferents play an important role in carrying nociceptive information in the newborn because of the lack of C fiber inputs. Following the development of C fibers, Ab afferents are retracted to the deeper laminae. Under the inflammatory condition, the sensory system might mimic the developmental condition, so that Ab afferents sprout into the SG. In other words, under the inflammatory condition, the sensory system will be under a regenerative condition and mimic the developmental steps. However, the regenerative process observed in the inflammatory condition differs in some points from the normal development, which might cause chronic pain.
Synaptic responses of neurons in sensory cortex
Whole cell patch-clamp recordings were made from 43 neurons located in the barrel cortex which received sensory inputs from contralateral whiskers. The barrel cortex perceives a large amount of sensory information from whiskers. Therefore, the cortex area receiving those inputs is quite wide, and this characteristic of cortical neurons enables us to make a whole cell recording. With urethane anesthesia, the majority of neurons showed oscillatory activities having 0.5 to 5 Hz frequencies and up to 500 pA amplitude. Under the current clamp condition, the oscillatory activities could initiate a burst of firing. Although we have preliminary results concerning synaptic responses evoked by stimulation of the whiskers, a tough stimuli to a single whisker elicited a large amplitude barrage of EPSCs. We did not test whether the response showed adaptation or not. Unexpectedly, noxious pinch stimulation near a whisker did not produce any significant response in all neurons tested, in spite of the evidence that the primary sensory cortex responds to noxious stimuli revealed by imaging methods such as MEG, PET or fMRI (Inui, 2003) . This discrepancy might be accounted for as follows: First, our patch-clamp recordings were made under anesthesia that presumably depressed nociceptive responses. Our recordings were also limited to neurons located at the surface of the cortex. Extracellular recording has shown that noxious responses were recorded from neurons in deeper laminae (Kenshalo, 2000) . There, to obtain the noxious responses, we are now making whole cell recordings from deeper neurons and without anesthetics.
Discussion
We analyzed synaptic responses from neurons in the spinal dorsal horn and sensory cortex in in vitro and in vivo preparations. In the spinal cord, synaptic transmission and sensory circuitry is shown to be unstable, changing easily the efficacy of synaptic transmission and termination of the inputs following pathological conditions (see Okamoto, 2000; Nakatsuka, 1999; Ito, 2000) . Profound flexibility in the sensory system might be due to the primitivity of the system. These distinct properties in the sensory system would be due to its importance as a warning and protecting system. Therefore, it is conceivable that creatures keep the sensory system effective under the pathological conditions, including deafferentation or damage of sensory circuitry. To do this, the system should be flexible and should change easily following the changes in circumstances. In addition to that, the sensation of pain gives not only perception but also emotional changes in patients suffering from any kind of chronic pain. Pain is the most undesirable stress that affects the immune system, depressing the production of natural killer cells that are one of the protective systems for preventing the growing cells out of control.
The present examination focused mainly on nociceptive transmission, however, the present results could be applicable for understanding plastic changes occurring in other sensory systems such as visual, auditory or gustatory systems. These systems have also been known to show a plastic change and interaction each other. Complex and complicated circumstances may affect the dynamic balance of our emotional and physiological homeostasis. The present examination was made using rodents under anesthesia, therefore it is difficult to evaluate a change in each sensory system affected by other systems. To address this issue, basic knowledge should be obtained from primates without anesthesia rather than rodents. Intracellular recordings have been made from sensory cortex neurons of primates without anesthesia and this experiment prompted us to think about making path-clamp recordings from those neurons. Because the patch-clamp recording is more stable and it is easy to maintain neurons for a long time, in vivo patch recordings from primate sensory cortex without anesthetic would be an ideal way to well understand the sensory systems and their plasticity. This investigation is under progress.
